ABSTRACT In the presence of phosphatidylserine, [20-3H] 
The phorbol esters induce a wide variety of biological responses in many different cells and tissues (for review, see refs. [1] [2] [3] [4] . These compounds are, in addition, the most potent class of tumor promoters for mouse skin (5, 6) . This laboratory and others (7) (8) (9) (10) (11) (12) (13) have demonstrated high-affinity specific receptors for phorbol esters in membrane preparations and in intact cells with [3H]phorbol 12,13-dibutyrate (PBt2). The structure activity requirements for binding are consistent with the receptor mediating a number of the biological responses to the phorbol esters. Binding studies indicate that phorbol ester receptors are found in all tissues and that they are highly conserved over evolution (14, 15) . The highest level of specific binding, 30 (17) . We also demonstrated that low concentrations of ascorbic acid inactivated [3H]PBt2 binding (18) . Both the dose-response and time course of this inhibition of binding correlated with stimulation of lipid peroxidation, and a number of inhibitors of lipid peroxidation protected against the ascorbic acid-mediated inactivation. Further evidence for interaction between the phorbol ester receptor and phospholipids was provided by studies with the phorbol ester photoaffinity probe [20- 3H]phorbol 12-p-azidobenzoate 13-benzoate (PaBzBz) (19) . UV irradiation caused PaBzBz to bind irreversibly to the membranes. Although pretreatment of the membranes with heat or papain prevented the specific irreversible binding, the irreversible binding was, in fact, to phosphatidylserine, phosphatidylethanolamine, and phosphatidylethanolamine plasmalogen. These results suggest that the labeled lipids are specifically associated with a protein receptor. We now have found that addition of phospholipid to mouse brain cytosol can reconstitute a high-affinity [3H]PBt2 binding activity. In the study reported here, we characterized the cytosolic aporeceptor in mouse brain and compared it to the membrane receptor. A preliminary account of these findings was presented at the annual meeting of the American Society for Cell Biology (20) .
MATERIALS AND METHODS Materials.
[3H]PBt2 (specific activity, [13] [14] [15] [16] [17] Ci/mmol; 1 Ci = 3.7 x 1010 Bq) and [20-3H] (Fig. 1) . A concentration-dependent increase in binding was demonstrated up to a saturating level of 15 pmol/mg at a phosphatidylserine level of approximately 2 mg/ml. The nonspecific binding of [3H]PBt2 also increased with increasing concentrations of phosphatidylserine, from 16% of total binding at the lowest concentration of phosphatidylserine to 44% at the highest concentration (data not shown). Unlike the increase in specific binding, the increase in nonspecific binding was linear with the concentration of phospholipid. In order to minimize the level of nonspecific binding while maintaining high specific binding levels, phosphatidylserine at 0.96 mg/ml was routinely used in the binding assays, resulting in 20% nonspecific binding. In contrast to the cytosolic aporeceptor binding activity, the addition of phospholipid to mouse brain membranes did not change the level of specific binding from approximately 20 pmol of protein per mg. The specific binding of [3H]PBt2 to brain cytosol in the presence of phospholipid was saturable ( Fig. 2A) . Scatchard analysis indicated a single class of high-affinity binding sites (Fig.  2B) . From five separate experiments, the dissociation constant (Kd) was calculated to be 3.14 ± 0.89 x 10-9 M (mean ± SEM) with 22. Our results suggest that the cytosolic aporeceptor is a protein. No specific [ H]PBt2 binding activity was observed in cytosol that had been incubated with proteinase K (1.0 mg/ml) at 37°C for 60 min prior to the addition of phosphatidylserine. Similarly, pretreatment of cytosol by boiling for 5 min destroyed aporeceptor binding activity (data not shown).
Various phospholipids differed in their ability to reconstitute aporeceptor binding activity (Fig. 3) . Each of the phospholipids were tested at 0.96 mg/ml. Phosphatidylserine, phosphatidic acid, and sphingomyelin were the most effective in reconstituting aporeceptor binding activity. Phosphatidylinositol gave a partial response, whereas the neutral phospholipids phosphatidylcholine and phosphatidylethanolamine were relatively ineffective. The level of nonspecific binding varied markedly with the different lipids (see the legend to Fig. 3 ). For phosphatidylserine and phosphatidic acid, nonspecific binding was typically 15% of total binding, whereas nonspecific binding represented approximately 50% and 90% of total binding for sphingomyelin and phosphatidylcholine, respectively.
The biologically active phorbol-related diterpene esters PMA, phorbol 12,13-didecanoate, phorbol 12,13-diacetate, and 4-0-methyl-PMA were all able to inhibit [3H]PBt2 binding >95% (data not shown). The slopes for the inhibition curves were similar and fit the theoretical curve for a competitive inhibitor. The apparent Ki values for the derivatives were corrected for binding competition by [3H]PBt2. Also, in order to measure accurately the potency of PMA for inhibiting [3H]PBt2 binding, it was necessary to modify the conditions to limit the proportion of bound nonradioactive PMA to total nonradioactive PMA. As described in Materials and Methods, the binding site concen- umn chromatography resulted in a single peak of binding activity (Fig. 4) . Castagna et al. (21) recently observed that rat brain cytosol protein kinase C activity was stimulated by the addition of PMA to the incubation mixture. Like the cytosolic aporeceptor, protein kinase C requires the presence of phospholipids for complete activity (22) . Therefore ceptor, but rather that the receptor may play a functional role in the cell. An internal location in the plasma membrane for the membrane receptors would be consistent with such a role. The highly lipophilic nature of the phorbol esters suggests that they should be able to traverse the plasma membrane, likewise consistent with an intracellular location for a receptor.
The cytosolic aporeceptor may be able to associate with intracellular lipid-containing organelles as well as with the plasma membrane. These results were suggested by subcellular localization studies in mouse brain (16) . Perrella et al. (26) have reported a low level of [3H]PMA binding to mouse epidermal nuclei, although contamination by plasma membranes in the nuclear preparation may complicate interpretation. Considerable evidence exists demonstrating that the phorbol ester tumor promoters affect nuclear expression (27, 28) ; the association of the cytosolic aporeceptor with nuclear membrane lipids could represent one direct mechanism.
The cytosolic aporeceptor is of additional interest because of its possible relationship to protein kinase C. Both protein kinase C and the cytosolic aporeceptor require phospholipids for activity, and, on Ultrogel gel filtration, the elution profiles for the two activities were very similar. However, several differences exist between the reported properties of the kinase and those of the cytosolic aporeceptor binding activity. First, phosphatidylserine, sphingomyelin, and phosphatidic acid were best at reconstituting binding activity, whereas phosphatidylcholine and phosphatidylethanolamine were relatively ineffective. In contrast, phosphatidylethanolamine stimulated kinase activity approximately to the same degree as phosphatidylserine, whereas sphingomyelin did not activate the enzyme. Second, the absolute potency of phorbol esters in the two systems may be different. Castagna et al. (21) 
